First experimental search for inclusive Higgs boson
production using the H—bb decay with CMS

Caterina Vernieri (FNAL & LPC Distinguished Researcher)
on behalf of the CMS experiment
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PDG, Chin. Phys. C, 40, 100001 (2016)

The Higgs boson

Mass m = 125.09 4+ 0.24 GeV

- A great advance in our understanding of Full width T < 1.7 GeV, CL = 95%
fundamental particles and their interactions H? Signal Strengths in Different Channels
See Listings for the latest unpublished results.
- a new state of matter-energy Combined Final States = 1.10 =+ 0.11
: : WW* = 1.08 51
- a potential window to Beyond Standard 77+ = 1294038
Model (SM) vy =1.16 £ 0.18

bb=0.82+030 (S=1.1)
utu~ < 7.0, CL =95%
Tt =112+ 0.23

Zvy < 9.5, CL = 95%

ttH® Production = 2.31“8:2
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Outline

- Higgs boson discovery at LHC
H — bb state of the art
Tools for identifying H = bb at high pr
b-quark identification in CMS

Inclusive search for boosted H —= bb
Future perspectives
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Standard Model Higgs Hunting: Basics

LEP+Tevatron legacy:

low-mass range [114,158] GeV
2009

Search for the Higgs Particle
Status as of March 2009

95% confidence level

Excluded by Excluded by Excluded by

LEP Experiments Tevatron Indirect Measurements

95% confidence level Experiments 95% confidence level
100 114 120 140 160 1770 180185 200 GeV/c?

Higgs mass values

The natural width is less than 100 MeV
observed peak dominated by instrumental mass resolution
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Standard Model Higgs Hunting: Strategy

proton - (anti)proton cross sections
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July 4th 2012, Higgs Boson discovery

Ehe New NJork Cimes

Wednesday, July 4, 2012 Last Update: 4:00 AMET

OPINION »
EDITORIAL

Too Quiet, Again,
Health Care

The Obama campaig
forcefully countered
Republican misinfor
the reform law.

MARKETS »

Britain  Germany
FTSE 100 DAX
5,673.04 6,553.19
-14.69 -25.02
-0.26% -0.38%
Data delayed at les

ew Particle Could Be Physics’ Holy Gr GET QUOTES My

By DENNIS OVERBYE 4 minutes ago
4 ’ 9 Stock, ETFs, Funds

particle named for the physicist Peter Higgs, above in Geneva,

could explain the universe’s origin. ‘
R e |
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Phys. Lett. B 716 (2012) 30

July 4th 2012, Higgs Boson discovery

\s=7TeV,L=5.1fb"
cvs \s=8TeV,L=5.31b"

m,, = 125.5 GeV

CMS and ATLAS reported independently

the first observation of the Higgs boson ,
-7 ——

+ 5.00 combining Yy and ZZ alone

- best mass resolution H— 27
- thanks to the huge amount of LHC
, H— WW
data we could exploit the lowest BR
decay modes
H— 1t
H— bb
Best fit 6/6,,
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Is it a SM Higgs boson?

. Mass Sensitivity (Run I1+11)
- Spin-parity H— bb ~ 20*
- The couplings to fermions and bosons
. H—TT ~ 50
- Study the self-coupling
- Any non-SM property? =2z > >0
H vy > 50

* Run I only

bb, largest BR for SM H (~58%) but not yet observed
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Higgs at Tevatron

CDF and DO combined results reported a broad mHii::,::: (68% C.L)
excess in the mass range 115<mp<140 GeV ~m- Single channel
+ 3.0 0 at mp=125 GeV H-vyy | -
- mainly from the H = bb Ho W'W s
Ho t*1
VH— Vbb [ CDF+DO, 2.80

Tevatron Run I, L. < 10 fb~

arXiv:1303.6346
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Outline

Higgs boson discovery at LHC

- H = bb state of the art
- Tools for identifying H = bb at high pr
b-quark identification in CMS

Inclusive search for boosted H = bb
Future perspectives
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The Large Hadron Collider

2010-2012, ~25tb! delivered in Run | at 7 and 8 TeV
2015-2016, ~40 fb! delivered in Run Il at 13 TeV
2017, Run just started. So far CMS recorded >5 fb-!

LHC integrated luminosity by year
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H(bb) at LHC

Gluon Fusion
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H(bb) at LHC

Gluon Fusion

s

\

N a8 g N

P

- Two-jets final state
- Overwhelming background from QCD production of b quarks
- 107 larger
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H(bb) at LHC
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H(bb) at LHC

CDF 1I Preliminary 5.4 fb™
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H(bb) at LHC

107"

1072

Caterina Vernieri (FNAL)

M(H)= 125 GeV

LHC HIGGS XS WG 2016

o
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Vector Boson Fusion

/'%q ! e
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/s [TeV]

large background but a very distinctive topology
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H(bb) at LHC

107"

1072

Caterina Vernieri (FNAL)

M(H)= 125 GeV

LHC HIGGS XS WG 2016
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- W/Z decaying leptonically

- leptons, Er™s to trigger and suppress backgrounds

» Requiring high ptV to reduce multijets background

- S/B at LHC is 2.5x lower than at Tevatron
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H(bb) at LHC

107"

1072
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M(H)= 125 GeV

LHC HIGGS XS WG 2016
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- W/Z decaying leptonically

- leptons, Er™s to trigger and suppress backgrounds

» Requiring high ptV to reduce multijets background

- S/B at LHC is 2.5x lower than at Tevatron
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H(bb) at LHC
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LHC HIGGS XS WG 2016

Nl

- direct probe of the top-Higgs coupling

- dominant backgrounds is tt + jets
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Status of H(bb) at LHC

The LHC combination of the Run 1 ATLAS and CMS analyses resulted in a significance
of 2.60 (3.70) observed (expected)

VH is the most sensitive channel for H(bb)

courtesy of G. Gaycken
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CMS VBF H — bb 8 + 13 TeV 1.3+12 : |

[CMS-PAS-HIG-16-003]
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[JHEP0S8(2016)045] —0.27

ATLAS VBF H — bb 8 TeV

—-0.8 =2.3

CMSVHH —>bb7+8TeV

[Phys. Rev. D 89, 012003 (2014)]

ATLASVHH — bb 7+8TeV
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H — bb state of the art

- Tools for identifying H = bb at high pr
b-quark identification in CMS

Inclusive search for boosted H = bb

Higgs boson discovery at LHC

Future perspectives
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b tagging in CMS

b quarks hadronize in “jets” of particles ‘
- Jets with pt> 30 GeV and |n|<2.4 ,

Inclusive Vertex Finder (IVF) to
reconstruct secondary vertices

- Independent of the jet
4

direction
Caterina Vernieri (FNAL) Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar 1 8

B-hadron decay tracks are mostly
produced in a cone in the B
hadron flight direction

— B flight ~ jet direction




b tagging in CMS
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secondary vertex mass (GeV)

CMS-PAS-BTV-16-002

b-tagging algorithms combine with
a multivariate approach the
information from:

- Impact parameter significance of
charged-particle tracks

- the presence of a lepton in the jet
and its properties

- the presence and properties of
reconstructed secondary vertices
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Performance of b-tagging in CMS

(s=13 TeV, 25ns
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jet pT [GeV]

70% b efficiency and 1% mistag probability

Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar 20



boosted H(bb)

dR(bb) ~ 2mu/p1
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Higgs pT (GeV)
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CMS-PAS-BTV-16-002

b-tagging, multiple approaches

fat-jet b-tagging sub-jet b-tagging double-b tagger
-Based on the standard b- - Defines sub-jets ‘Identifies the two B hadron decay
tagging algorithm - Standard b-tagging algorithm chains from b and b within the same
-Not designed for tagging applied to each subjet fat jet.
two b’s in the same jet -It does not define sub-jet but uses

N-jettiness axes
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double-b tagger

- Combines tracking and vertexing information
with a multivariate approach

- 27 observables are used
- It targets the bb signal aiming to be:
- mass independent
- pr independent

- training strategy is designed to cover a very
wide prtrange

- inputs are chosen to avoid pr correlation
- no dR-like variables, no substructure info

Caterina Vernieri (FNAL) Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar
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Efficiency vs. Mistag rate

Mistagging efficiency (Inclusive QCD)
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CMS-PAS-JME-16-003

H-tagging

i Zal
The boosted H(bb) signal is identified as large cone size jets:
- R=0.8 .ﬂ/
- PUPPI (PileUp Per Particle Id) is used to mitigate pile up effects

Ouwe lools.

- b-tagging to reconstruct the two B hadrons from the b
and b within the same fat jet

- jet mass compatibility with the Higgs

- the composite nature of the jet using substructure
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Jet mass

- Provides good separation between W/Z/H-jets from g/g jets
- Grooming removes soft and wide-angle radiation (soft drop/modified mass soft drop)

Caterina Vernieri (FNAL)
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ArXiv:1609.07483

Jet Substructure

- Measures the degree to which a jet can be considered as composed of N prongs
- Energy correlation functions are sensitive to N-point correlations in a jet
- A 2-pronged jet will have es<e;
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ArXiv:1603.00027
CMS-PAS-B2G-17-00T

CMS-PAS-EXO-17-001

Jet Substructure
Multijets background

N2 sculpts the jet mass distribution

cut

jet mass
Caterina Vernieri (FNAL) Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar 28



Jet Substructure

«10° 35.9fb” (13 TeV)
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N2 sculpts the jet mass distribution
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ArXiv:1603.00027

Jet Substructure CMS-PAS-B2G-17-001

CMS-PAS-EXO-17-001

N2 sculpts the jet mass distribution

We use a mass-decorrelated version
for the background

NP1 = Ny — Ny (cut at 26% QCD eff.)

R ———-—
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ArXiv:1603.00027
CMS-PAS-B2G-17-001

CMS-PAS-EXO-17-001

Jet Substructure

CMS Simulation Preliminary

— 1000 . o
> - N2 sculpts the jet mass distribution
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The scaling variable for QCD jets p is
p= log(msp?/pr1*) used in the characterization of the
correlation of jet substructure variable
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Jet Substructure

ArXiv:1603.00027
CMS-PAS-B2G-17-00T

CMS-PAS-EXO-17-001

Multijets background N2 sculpts the jet mass distribution

for the background

jet mass
Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar
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Number of events/5 GeV

Data/Prediction
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Jet Substructure

6000
5000
4000
3000
2000

1000

0.9

CMS Preliminary 35.9fb"' (13 TeV)

70005 T T T T T T T T
r p_: 600-700 GeV sgssi Multijet pred. _
u —— Total SM pred. —
~ —— W qq+jets -
— Z— qq+jets s
— Z'(qq), gq=1/6, mz'=135 GeV:
= W(qq)+Z(qq) -
H — _
0 DT P i S R e — S R | R S T B T T T T
T S S ................ ................ ............ _
IR IO U S e
T T ﬁﬁ%@%ﬁjﬁﬁﬁx@wﬁm%fﬁa

f—— = % % % % % % B, = s s s s S s ESEES .S EESEESEESEESE E,SEESEESEESEESEEE,SESEEEEEEEESEEEEEEEEEEEEEEEEEEEESEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEREEEEEEEEEEEE —

60 80 100 120 140 160 18 20

220

AK8 meo " (GeV)

SD

Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar

ArXiv:1603.00027
CMS-PAS-B2G-17-00T

CMS-PAS-EXO-17-001

N2 sculpts the jet mass distribution

We use a mass-decorrelated version
for the background
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Phys. Rev. Lett. 100 (2008) 242001

We conclude that subjet techniques have the potential

to transform the high-pr WH, ZH(H — bb) channel into

one of the best channels for discovery of a low mass Standard
Model Higgs at the LHC.

now we deaect fo't inclusive H to bb with teede
new lools ...

Caterina Vernieri (FNAL) Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar
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Search for inclusive H to bb

- We can access this process in the boosted dijet topology
- Use initial state jet to get above the trigger threshold
- Look for boosted H boson in a single jet mass distribution
- Use the Z boson as Standard Model candle
- b-tagging to disentangle W/Z

Caterina Vernieri (FNAL) Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar
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Event Selection

Events

Online selection asks for a high pr
single jet or large hadronic activities

pt > 360 GeV or 2 pr> 800/900 GeV
Offline: Highest pr jet:
- pt > 450 GeV |n| < 2.5,

- jet soft drop mass (msp) > 40 GeV
- Lepton veto, EtMss veto

10’
10°

10°
]

10”
10°
10°

10
1

107"

CMS Simulation Preliminary 35.9 fb' (13 TeV)

7 Wiac

(T

mm W(qq)+jets
tt+jets

] Z(qq)+JetS
I Sin

-- ggH(bb)

ettt 11 111l
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CMS-PAS-HIG-17-010

Event Selection

Substructure: two prongs discrimination double-b tagger
CMS  Preliminary 35.9 fb' (13 TeV) o CMS  Preliminary 35.9fb” (13TeV)
2 10° &= =3 QCD (kfactor0.77) | GBS Z(qQ)+jets ------ ggH(bb) 4"5’ = [0 QCD (kfactor0.77) [ Z(qo)Hets ------ ggH(bb)
O Bl W(qq)+jets I single-t ¢ Data D — [ W(qq)+jets BN single-t ¢ Data
LI>J 107 [ tt+ets [ 1 VV4q) sz MC uncert. (stat.) Lﬁ 1()7 E_ [ ] tt+jets [ ] VV(49g) sz MC uncert. (stat.)

—o-
"‘-0-—0—-0——0-.-"'—0——0—_.__.__._

—
o
&)
LI

I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII|_
I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII__

I -m -

i

10* 10* '-- :
=

10° 10° B

102 102 = =
Ee-e TR =
10 10 E_ - i _ 1 iy i 1= . : :__IE‘
E A= T m s mm = 1=l == ' E
g 4 - A A e A _ g j -------------- T N S T S S T S : !j
© 4 *"":"" MC uncert. (stat.) ] = 41— sz MC uncert. (stat.) : —
E LF 1 2 LE >
& - ] @ i AR 0SSR R AR LES
% % ***************************************** 1
0 Y5 04 03 w02 01 0 01 02 03 04 05 0o O3 =8 06 04 05 0 02 04 08 08" 1
pT-Ieading jet N;’DDT pT-Ieading jet double-b tagger discriminator
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CMS-PAS-HIG-17-010

After all selections

35.9 fb' (13 TeV)

% I | | |4|50| 1 ;O(l)o IGIVI | I | I | I | I |
O —CMS ou <erfT<a > e -
~ | Simulation®™*""" %7 _|—|_
2
- 0 —
Analysis is inclusive in Higgs S 10F ggH (87%) -
production mode - VBF (6%) -
Dominant contribution in signal - VH 4%) | B ]
region Is ggH i i
1 o —
i L1 1 |I_|I | | lllllll i IE-“-i:I 1 | | L1 1 | i J1 | L1 1 | L1 1 —l
40 o660 80 100 120 140 160 180 200

Mgy (GeV)
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Caterina Vernieri (FNAL)

CMS Simulation Preliminary

Background composition

35.9 fb' (13 TeV)

double-b tagged

s/\b ~ T

.

QCD _
B Z(qq)+jets -
tt+jets

B W(qq)+jets _
B single-t —
VV(4q) ~

. ..L...-J.. e .L...J....J —

60 80

LJ._l__L_LJ..L.J..J.J

100 120 140 160 180 200
pt leading-jet msp (GeV)

Backgrounds
’ QCD (~9OO/0)

- tt+]ets (3 %),
normalization from
a dedicated control
region

- W//Z+)ets (5%)
- single-t, VV (<1%)

Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar

} data

} simulation
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Multijets background prediction

double-b

Caterina Vernieri (FNAL)

- Jet mass shape for multijets events is
derived in data

- From events “failing” the b-tag
requirement with a transfer factor

jet mass

Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar
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Multijets background prediction

o y .
& - Jet mass shape for multijets events is
S derived in data
S - From events “failing” the b-tag
© requirement with a transfer factor
0.9

Rp/f

—_———

jet mass

jet mass
Caterina Vernieri (FNAL) Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar 35



Multijets background prediction

s F Jet mass shape for multijets events is
. T oS 000t derived in data
-0.1— 700 < p.. < 1000 GeV
= 1OOO<pT<15OO GeV e~ 1/ _
N < p,> 1500 Gev From events fglllng the b-tag
02 —e— p, >500 GeV requirement with a transfer factor
0 - as function of the jet mass and pr
BENESS S S, Ve el s &
0.4 :*_4: T
-0.5
~0.6
:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

50 100 150 200 250 300 350 400 450 500
mg, (GeV)
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Multijets background prediction

Jet mass shape for multijets events is derived in data

From events “failing” the b-tag requirement with a transfer
factor as function of the jet mass and pr

CD
Ngagg(mSDv pT) — Rp/f(pa PT) X N%il (mSDapT)

Caterina Vernieri (FNAL) Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar

double-b tag

v

4 paSS 44

double-b tag = 0.9
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Multijets background prediction

Jet mass shape for multijets events is derived in data
From events “failing” the b-tag requirement with a transfer

factor as function of the jet mass and pr CMS Preliminary 35.9 " (13 TeV)
— 1000 0.017 ©
% =
B —0.016 £
= 900 =
Q_I_ —0.0 5‘9
QCD _ QCD 014 ¢
Npass (msp, pr) = Ry e(p, pr) X Ny~ (msp, pr) 800 0014 2
0.013 4
©

0.011
The transfer factor is determined simultaneously with 9% 0:0

the signal extraction 500

TR N T W N B
100 120 140 160 180 200
mEUPP! (GeV)

— A
40 60 80
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ArXiv:1705.04664

W/Z +jets simulation CMS-PAS-EXO-16-04¢
35.9fb" (13 TeV)
L LA NELALANL N B R I BN IR R
0-1 6_ CMS + Z(up)+jets / y+jets Data _
0.14-  Preliminary ]
.‘{10-12;‘ T Zluwgsiets /ysjets MC - LO simulations for the W/Z+jets are
= 01 - corrected using pr-dependent :
%O'OBE‘ e, —— . NLO QCD k-factors
Saa — T = - NLO electroweak k-factors
0'04;_ : + Associated uncertainties are 10%
O'Oig‘l e (QCD) and 15-35% (EWK)
8 15
Y e

400 600 800 1000 1200 1400
Boson P, [GeV]
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ggH simulation at high pr

- Other CMS Higgs results use Powheg : 1 jet + m = o

ArXiv:
ArXiv:
ArXiv:

ArXiv:’

1410.5806, ArXiv:1609.00367
1408.5325, ArXiv:1302.6216
1504.07922, ArXiv:1505.03893

610.07922

+ We want to account for both the effects of higher order corrections and for the finite top mass

1.4 v
NNLO 22727
1.2 NNLL+NLO
NNLL+NNLO
s *
© o
% 0.8 ‘;.‘“,‘ pp, 13 TeV, m,, = 125 GeV
[ O% Hg = Mg =my, Q=my/2
T _ O\ PDF4LHC15 (NNLO)
a 06 r L \ uncertainties with po, e, Q variations
% -
© 04
0.2
3 3
—j . " v, v ey v, Ve P - .
o } o A T R Aol
e 08" 'ﬁ ; : i
o 0.7 “— 1 i 3z i i
© 20 40 60 80 100 120
= H
p, [GeV]

<1000 GeV

No real NLO + finite m; calculation available in the literature above pr > 300 GeV

Caterina Vernieri (FNAL) Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar
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https://arxiv.org/pdf/1410.5806.pdf
https://arxiv.org/abs/1609.00367

ArXiv:
ArXiv:

ggH simulation at high pr Ak

- Other CMS Higgs results use Powheg : 1 jet + m¢ = o

1410.5806, ArXiv:1609.00367
1408.5325, ArXiv:1302.6216
:1504.07922, ArXiv:1505.03893

ArXiv:’

610.07922

- We want to account for both the effects of higher order corrections and for the finite top mass

- H - LO H+0-2jet, finite m

NNLO H+1jet, Mt = 0O

NLO 1 Jet 11t
X :
LO 1 Jet 1Mt

GF H(NNLO 4+ m¢) = (1 jet my = 00) X

Caterina Vernieri (FNAL) Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar

A multi-correction approach is adopted

NLO H+1jet finite m; up to 1/m¢* expansion

« NNLO 1Jet my — GO

NLO 1Jet my — GO
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https://arxiv.org/pdf/1410.5806.pdf
https://arxiv.org/abs/1609.00367

CMS-PAS-HIG-17-010

ggH pr reweighting finite m¢ + NNLO

% E —— CMS Powheg
S 10
= £ NNLO + m,
o B
s L
o o ° ° ° '8 1?\"3’
- This is the first time an (approximate) NLO S
H+0,1,2 jet merged with finite top mass is o L
attempted - T

- Estimate k-factor of ~1.3 for H pr> 450 GeV A

| IIIIII|
+

1073

Results are stable under these variations
and also provided without pr reweighting

ratio to POWHEG

300 400 500 600 700 800 900 1000 1100 1200
Hp_(GeV)

o
I
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Systematics

Systematic uncertainty source

Type (shape or normalization)

Relative size (or description)

QCD transfer factor
Luminosity
V-tag (N%’DDT) efficiency
Muon veto etficiency
Electron veto efficiency
Trigger etficiency
Muon ID efficiency
Muon isolation efficiency
Muon trigger efficiency
tt normalization SF
tt double-b mis-tag SF
W /Z NLO QCD corrections
W /Z NLO EWK corrections
W /Z NLO EWK ratio decorrelation
double-b tagging efficiency
Jet energy scale
Jet energy resolution
Jet mass scale
Jet mass resolution
Jet mass scale pr
Monte Carlo statistics
H pr correction (gluon fusion)

both

normal

norma.
normal
normal

ization

1zation
1zation
1zation

norma.

normal
normal
normal
normal
normal
normal
norma.

ization

shape
shape
shape

1zation
1zation
1zation
ization
1zation
1zation
1zation

normal

ization

shape
shape
normalization

normalization
both

profile ay, and QCD normalization

2.5%

4.3%
0.5%
0.5%
4%
up to 0.2%
up to 0.1%
up to 8%
from 1u CR: 8%
from 1u CR: 15%
10%
15% — 35%
5% — 15%
4%
up to 10%
up to 15%
shift msp peak by +0.4%
smear mgp distribution by 9%
0.4% /100 GeV (pr)

30%

Caterina Vernieri (FNAL)

Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar

CMS-PAS-HIG-17-010

correlated among W, Z, and H
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Z signal extraction

The extraction of the Z signal
compatible with the SM expectation
would validate the H signal
extraction and H-tagging approach

Caterina Vernieri (FNAL)

Events /7 GeV

Data - (Multijet + tt)

CMS-PAS-HIG-17-010

35.9 fb™' (13 TeV)

8000 :_' ettt I I _‘_I
- CMS, 450 <p_ <1000 GeV .-“-”-%v .
7000 = Preliminary 4o pie. tag>09  ---tt —
= --- Multijet —
— @z Total Background ]
6000 — m H(bb) —
— ¢ Data —
5000 —
4000 — —
3000 —
2000 . =
1000 — i} —
O - T B I .
- _
5 _
30 60 80 100 120 140 160 180 200
Mg (GeV)
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CMS-PAS-HIG-17-010

Z rESU|tS 35.9 fb™' (13 TeV)
> 8000_‘ B L L L L L L e |
8 - CMS 450 < W ]
- g p_ <1000 GeV " n
N 7000 Preliminary . et tag>09  ---tt —
- = --- Multijet —
7)) _ #2z Total Background ]
£ 6000 = H(bb) =
. .« (o - ¢ _
- Observed significance for the Z Ij'>j 000 E
signal is 5.10 (5.8 0 expected) - -
: : : 4000 [ =
- compatible with SM expectation - -
- First Observation of the Z(bb) in 3000 : -
the one-jet topology 2000 - =
- This validates the H signal 1000 -
extraction and H-tagging approach - e -
O b algmd= =2 ke A I
TS _
s
[ 2 i
s|: 5 A -
2 Ottt =~ = =S¥ S—-— At
S| %0 60 80 100 120 140 160 180_ 200
Mgy (GeV)
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x1 O 35.9 fb (13 TeV)
> L L L L L L B LI B | |
)]
Q) 500__ CMS 450 < p_< 1000 GeV .'“'”'%V _
N -, Preliminary double- b tag <0.9 - -t 7
~ B - Multijet i
_%) 400 - ﬁ'll_'lc()éatt)l)Background —
D B ¢ Data _
> = _
LL] u _
300 — —
200 -
100 — -
O_ _
=) ocOF— '~~~ T =
+
B|  40F
3lE 201
qu Ope—e—o s =8oe-0-9-—0o-0 0o oo o oo
cD*B' 40 60 80 100 120 140 160 180 200

Caterina Vernieri (FNAL)

anti-double-b tagged

Mg (GeV)
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CMS-PAS-HIG-17-010
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CMS-PAS-HIG-17-010

anti-double-b tagged double-b tagged

x10° 35.9 fb” (13 TeV) 35917 (13 Tev)
> ! N L L L I _I > 8000 L L L L L |
[ - ~
8 500 - — CMS 450 <p_ < 1000 GeV Y 1 O - CMS 450 <p_< 1000 GeV Y ]
g __ Preliminary , tag<09 - f\tﬂ " - ©~ 7000 Preliminary . pje. b tag>0.9 - Rt/l ot —
~ B ultije 7 ~ - _
*UE) 400 — -HC()batl)) R — *g 6000 — -H(()bab) e —
) B ¢ Data a o - ¢ Data -
3 - - 1 0 5000/ @ e =
- - 4000 —
200 — 3000 -
- - 2000 — —
100 e — — —
B _ 1000 —
O B N O = e !m;'.'-'."'."i.'-"
G . Wiaa) % 10 R -
s, T R 1 gs 5rWag +
oo 7o) 1 3 ofaynis
0 | OO e —O—O—O—O—O—O—O—O— |
(U ................................................................
cD*B' 40 60 80 100 120 140 160 180 200 CD% _540 60 80 100 120 140 160 180 200

Mg (GeV) Mgy (GeV)
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CMS-PAS-HIG-17-010

Simultaneous fit of the Z and H signals

CMS Preliminary 35.9 fb™' (13 TeV)
N3 16 —
S
14 3
2.5 =
12 o H /
2 O Observed best fit up = 23718 uz =0.78104
10 <« Expected significance 0.70 (ugp=1) 5.80 (uz=1)
N Observed significance 1.5¢ 5.10

Observed significance for the Z and
H signals is compatible with SM

o NN B~ O
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CMS-PAS-HIG-17-010

Sensitivity per pr category

-1
35.9fb" (13 TeV) 35.9 b (13 TeV)
] > 4 L L L L B
Combined | CMS | o 000F CMS iy csiocey Y -
W, = 2.3 ¢ _F’relimi;nary N~ 3500 ; Preliminary double-l; tag>09 - t _;
[800, 1000] GeV f ? - E
W = 7.2%8 é é o 2090 S -
I é é T 2500 e =
675, 800] GeV - E
u =05 2000 T e =
[600, 675] GeV 1500 - =
+3.4 : : - e -
Hy =400 1000} =
[550, 600] GeV - =
+2.6 500 B _
W, = -1.72,7 § — .
(500, 550] GeV A - ) -
+3.1 : : =
T 033, *:'5
[450, 500] Ge =\ ¢
1 =850 - =P
' | L | | 4 | o _5
-10 -5 1 1 © 40 60 80 100 120 140 160
0 5 0 ’ 5 S m.. (GeV)
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CMS-PAS-HIG-17-010

Sensitivity per pr category

35.9 fb' (13 TeV)

35.9 fb™' (13 TeV)
_I I I | I I I | I I I | I I I | I I I | I I I | I I I | I I I
-~ CMS W

600 — o 600 < p. < 675 GeV Z
e fPreliminary double-b tag > 0.9 - -1t

L

Combined | CMS

-9 3+1.8 . _
YW= =Se | Prelimmary

Events /7 GeV

[550, 600] GeV

2.6
MH = —1 .7f2_7

100

(T g - -- Multijet -

[800, 1000] GeV 500— "M ﬁg%%)Background -
u =7.2% N i » Ve -
[675, 800] GeV 400 -
300 :— o . _:

200[ - gt —

- 1

o

[500, 550] GeV

+3.1
MH = 0'3—3.1

[450, 500] GeV

+4.0
W, = 8.5 .,

airy

40 o60 80 100 120 140 160 180 200
Mgy (GeV)

Data - (Multijet + tf)
Data
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Sensitivity per pr category

35.9 fb' (13 TeV)

Combined | CMS

-9 3+1.8 . _
YW= =<-1s | Prelimmary

1800, 1000] Ge
=727

[675, 800] GeV

+3.2
MH = _0'5—3.1

1600, 675] GeV

+3.4
. = 4.67,

(550, 600] GeV
w =-1.75;
(500, 550] GeV

+3.1
MH = 0'3—3.1

[450, 500] GeV

+4.0
W, = 8.5 .,

Caterina Vernieri (FNAL) Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar

Events / 7 GeV

Data - (Multijet + tt)
0-Data

140

100

80

60

40

20

CMS-PAS-HIG-17-010

35.9 fb' (13 TeV)

1 1 1 | 1 1 1
CMS
_ Preliminary

800 <p_< 1000 GeV
120 &

double-b tag > 0.9

--- Multijet
@ Total Background

mm H(bb)
¢ Data

140

160 180 200
Mg, (GeV)
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CMS-PAS-HIG-17-010

Measured cross section

- The measured cross sections for Z+jets and Higgs for jet pr > 450 GeV are:

Oz = 849 +257/-209 b
On=/4 +51/-49 tb

- Broken down into:

Oz = 849 +155/-155 (stat.) +140/-205 (syst.)
OH = /4 +48/-48 (stat.) +10/-17 (syst.)

Compatible with SM within uncertainties
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Outline

Higgs boson discovery at LHC

H — bb state of the art

Tools for identifying H = bb at high pr
b-quark identification in CMS

Inclusive search for boosted H = bb

- Future perspectives

Caterina Vernieri (FNAL)

Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar
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ArXiv:1612.00283

Sensitivity to BSM JHEP102016)123
do/dp+(H) [pb/GeV]
8 10—
ggH@LHC 13 TeV NLL+NLO — SM
Mh=125 GeV 050,042
h ¢=0.5,c4=0.
100 ----- c=1.5,4=-0.042 _
H C=2.0,c4=-0.083 7
: 107 |
102 | .
103 |
- Probing gluon coupling vs top coupling i
. At high pr effective vertex dominated by 102 oo
] S
top quark o F] Wm—— LI e :
- Directly probe modifications in top . EEEr TR T R R E
o 06 E, ., .. 1.
quark coupling ——

PR TR T SR TN ST T NN SN TN SO S NN SN ST ST T ST ST S N NN SNNUNTS U S S T
100 150 200 250 300 |350 400
pr(H) [GeV]
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CMS-PAS-HIG-17-015

Current Higgs pr measurement

CMS Preliminary ~ 35.9 fb' (13TeV)

’S 1 02 B ! | | | ! i
3 E H — Y Y LHC HXSWG YR4, mH=125.09 GeV E
B __ + Data ggH aMC@NLO + HX __ g
Y— 10 = =
N— — - =
_ - % ggH POWHEG + HX [ -
>Q'|_ 1 }jh , \\\\§ HX aMC@NLO X —:
Q — f & "o =
Y Z, - H
a0 L 5 o
T 10 B o | = =
- ﬁ%_ D
2 R e aa e aaa et a A A A Q - —
—_— | | \
1 O E AN\ \\\\\\\\\\\\\\\\%
- o
0—3 E— —
— | —

g H(bf)), this analysis, starts here

/, 4 .
7
;_ Z N\ 7 7/
ARY/ N\ L
4 ) Z 2 2 770720777 | /
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII I L L L I L L

Ratio to aMC@NLO + HX ==
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Conclusions and perspectives

- First search for gg = H = bb in boosted topology
- First observation of Z(bb) in single jet topology, 5.10
+ The observed significance for the H(bb) is 1.50

- Cross sections are measured and agree with SM

+ This search looks at previously unexplored regions of
phase space and opens a new strategy to:

. search for Higgs boson to bb
+ probe BSM contributions to the Higgs at very high pr

- investigate new physics final states involving high pr
Higgs boson
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JHEPO8(2016)045

Higgs at LHC

ATLAS and CMS - ATLAS+CMS ATLAS and CMS -9- ATLAS+CMS
-+ CMS CMS
B — +10 - . -
ggF T YY — - — 420
; W e—— ¢
— : .
L ———— » E
VBF ——— :
" ZZ —i-*—
_ 9 ——
- -
Mk e — 5
E WW ————
; W —
},L e — -
ZH| —————— | ;
B : 1T —.*—
U e v e ———
ttH — i
bb ———
u gl U —
1111|||||||11||1||||||11|111|||||1|||11||||1|1111 LIJ_LLLLLLIJ.IJ.IJ_LLLLILJJJJ_LLLIJ.UJJ_LLLLIJJ.LIJ_LLI_LL
-1-050 05 1 16 2 25 3 35 4 -1 -05 0 05 1 16 2 25 3 35 4
Parameter value Parameter value

Caterina Vernieri (FNAL) Fermilab - Friday June 30, 2017 - Wine and Cheese Seminar 55



Phys. Lett. B 716 (2012) 30

Cha"enges ()f the H(bl_)) mOde 1t the lHC Phys. Rev. D 89 (2014)

Comparison with one of the discovery channels

CMS \s=7TeV,L=5.1fb" \s=8TeV,L=531b"
> :I | I I | | I | |>| |I ! I|I ! l|I |I I|I |l I|I |l l| I_ ~
8 16 ¢ Data 86‘ T K,>0.5 ‘ | H — 40 H — bb
. B -Z+X o 5F __ 3 - S S
% - mH‘125 GeV gt 1 11]] : mass resolution 1% 10%
D 12 11 2F - : ..
> T | - signal efficiency 30% 1.3%
L 10~ : _
: | : : S/B 2 0.05
8_— ¢ i
ok | __ - H(bb) searches need:
L Lo o - b-jets identification
Wer 1Rl 11l 1T Ter e - improve m(bb) resolution
S L T Ll L L T - exploit all possible information
ol T U = from th tto i S/B
80 100 120 140 160 180 rom the event to Improve

m,, (GeV)
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Phys. Rev. D 89 (2014)

VH (bl_)) Phys. Rev. Lett. 109 071804

| I LI | L | [ ' | L | I 1 I LI | l-

—— B i T 1 | | I T 1 T
Ng ~ Tevatron Run I, L <10 fb” a0l CMS e Data .
— _ - s= 7TeV,L=5.0 qu VH -
8800_— I+EB Tagged Jets CDF+ DO, 2080- - {s= 8TeV,L=18.9 fb" -W .
8 i | 8 60-— PP — VH; H— bb — Sub. MC uncert. _-
Z 600} L Ex;_a_ Bkgd % - —— VH + VV MC uncert. -
wn -~ - _ i
5 | 77 2 I CMS 2.10-

> 400 € 40
LU - Higgs Signal ° | ]
i m =125 GeV/c? z + i
200 2 20f 1 1 _
0 : : + 11# —
1T +7 T
N PN RS PR FN T PR SN R SR P S IS I
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250
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S/B at LHC is 2.5x lower than at Tevatron
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H(bb)-jet
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Boosted bosons
Bosons produced with high pr merge into single large-R jet (0.8 CMS, 1.0 ATLAS)

- 1 . 8 TeV
T T 1 T & T ] T SC w=u,) S I e s W
o [ oot e, | CMs®
. D i ~..... imulation .
two-separated jets S o8 *w.....| one single large-cone
0..’ () : : '...... (fat) iEt
‘s, B S - —$— Merged jet efficiency -
3, O —
S e, o single CA R=0.8 jet -
qq 2 8 . SRR <o - W/Z/H jet
§ R S E 4¢}7 Resolved jets efficiency -
4 02 5 two AK R=0.5 jets -
jet Tt P AR (g jet) < 0.1 -
e :
et T ey =N
J 900 400 600 800 1000 1200 49

W boson p_ (GeV)
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B properties useful for its tagging

b quarks hadronize TY -

K / B, BB, N\a

b

- Measurable lifetime
cT~ 500 um = BycT ~ 5mm @ 50 GeV
- Large mass (~5 GeV)
- The weak b-decay often produces leptons
BR: B—=2Ll+Vv+X ~ 25%
B=D—=Ll+v+X ~20% tertiary vertex
- High momentum transferred to the B hadron

Caterina Vernieri (FNAL)

1/NdN/dxg
N

12-99

8515A2

SLAC-PUB-8316

A

e SLD $
Model Dependence ¢ §
> OPAL
iy
¥ _
¢
+§+
@ —_
4
j.fc‘ {
Vet .l. * | | | | ®
0.2 0.4 0.6 0.8
XB

Fraction of the original b-quark

(xXg) ~ 0.7
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The B tag picture

A

| HC beams
orthogonal
to the screen

>
X

Primary Interaction Vertex

Tracks from
B hadron decay

|
|

Tracks from b-quark |
hadronization

|
|

Tracks from
tertiary vertex

QO
¥°,7 Secondary Vertex

D e
v'
Y 4
Y 4

&

/ mpact Parameter

0z~ 20-50 pm Other tracks in the event
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- : DP-16-042
CombIHEd algorlthms 10° "(':'Nllé"'l----l---w--u-|u--.-.+..Z'izb.’.‘lg.ﬂ.?’.T.?V.’?‘?Tfs

QA
O' 8
% 137 Preliminary B b
O . e
- 106 Multlj.ets B udsg
10° AK4 jets (60 < P < 250 GeV) [ ] b from gluon splitting
104 [ pile-up
hd 3 ?
The Combined Secondary Vertex through -
multivariate technique combines (CSVv2) 10
1
Track information e
© 1__ ........ 6"'".'".""'."""."'.".'"" 2. 00.0% .0.,. o o500 ""."'0"'.'".";".'".'".'"0"6"'0"'0"'0"'0";_;
Vertex information = T
. . . . 0 0.1 0.2 0.3 04 0.5 0.6 0.7 O..8 09 1
The Combined Multivariate Algorithm (cMVAv2) CSVv2 Discriminator
algorithm combines: 9.2 1b, 15=13 TeV, 2016
< L L I e e I L
° 2 10° CMS ¢ Data
CSVv2 and soft lepton taggers S 10° B profiminary -
S 10" B Multijets 2
10° &= AK4 jets (60 <p_< 250 GeV) [ b from gluon splitting
10° [ pile-up

Data/MC
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https://twiki.cern.ch/twiki/pub/CMSPublic/BTV13TeVLHCP2017

Muon Tagged jets

36 fb”, \s=13 TeV, 2016

L, © 1.4 = | | | I B | | | | T T T3

? 13 CMS CSvvat t =

O = Preliminary —— MUJELs =

© 1.2 —e— ttbar =

= — —— comb = (stat @ syst) —

g 1.1— —

) — -

S~

I 11— i

S o —

0.9 —

0.8— —

0.7E -

0.6 — I I I I I || ‘ I I I I I I || —

30 40 50 60 70 100 200 300 400 500 100C
Jet p_ [GeV]

- muon tagged jets from multijet events
- b-jets from ttbar
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Top pr reweighting

2.2-23fb" (13 TeV)
1.5IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

CMS
1.4

Preliminary Parton level
-1 3 & dilepton (CM5-PAS-TOP-16-011)
1.2

1.4

- Applying 13 TeV top pr reweighting

1’ lepton + jets (arXiv:1610.04191, sub. to PRD)

0.9
0.8

0.7
0.0615 - 0.0005 x p
0.6 ratio=e !

0.5 | I . | I 1L 1 1 1 I 1 1 1 1 I 1 1 1 1 I L 1 1 1 I P 1 1 1 I L 1 1 1 I |
| 100 200 300 400 500 600 700
Top p_[GeV]

Data/Powheg + Pythia8
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>

o
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VBF H reweighting

> El I | L L I L I L I L I L L | L L IE
O — _
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a - — NNLO -
1078 = —— NNNLO __
(0 10_4 =3 =
N3LO for VBF have 5-10% - =
effect in our phase space 105 _
= https://arxiv.org/abs/1506.02660 =
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0 = private communication =
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Jet mass grooming

CMS Simulation

| I I I | I
SM Higgs, m = 600 GeV

ungroomed jet mass

W+Jets, MadGraph+Pythia6

ungroomed jet mass

@
=
S |
E, o
E i
S 0.2
E B
0.1
%
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Efficiency vs. Mistag rate

CMS Simulation Preliminary (13 TeV)
) 155:'":"&'66b"i'e""5"fé§ """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
8 " .--. Subjet CSVV2 '
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e 10
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= 102}
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CMS-PAS-BTV-16-002

CMS Simulation Preliminary

- — double-b tag 3
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[ Fatjet CSVv2

— AK4 jet CSVv2, AR(AK4 jet, Fatjet)<0.4

AKS8
50 <m < 200 GeV , 800 < p_< 1200 GeV

.......
’4
-

~50% improvement

05 06 0.7 08 09 1
Tagging efficiency (H—bb)

Mistag is reduced by more than 40% at 30% signal efficiency (~ tight working point)
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CMS-PAS-BTV-16-002

Performance

13 TeV, 2016 13 TeV, 2016
S | CMS s "I cms
T 1__S'm .  Double-b Loose 5 ) 18: Smulation  Double-b Loose
imulati o 0.18— Simulati
\E i e Double-b Medium1 £ e Double-b Medium1
:é) - AKS8 jet, 50 <m < 200 GeV Double-b Medium?2 83 0 16__AK8 jet, 50 <m < 200 GeV Double-b Medium?2
Soal » Double-b Tight [ » Double-b Tight
£08 - eremeen, S 0.14]
> e, B 0.12[— e
S " _ aa
+ 0.6— *—Oﬁ—w* ;H —e————8—
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- e, 0.08F-
0.4— —— - e
. —o— T et o — — 9
- o et Ul DUDER. 0.06} . UUETSS ST S
: 002__ —+——o—+—o0+9© ._Q_.+._._|_._|—H+I—Q—o+-—0—|_._.++++
— E.ﬁ_HW—FW—F.—-ﬁ_HA_'_H—
O|||II|III||||||II|III|III|III|III O_I||II|III||||||II|III|III|III|III
400 o600 800 1000 1200 1400 100 1800 2000 400 o600 800 1000 1200 1400 1600 1800 2000
pT [GeV] pT [GeV]
The mistag rate is approximately flat across the pr range by design
Critical point for searches (backeround estimate
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Efficiency measurement in data

» Since there is no H/Z(bb) signal (yet!) we use:
» g(bb) jets as a proxy to measure the signal efficiency
* Jet selection has been designed to ensure jets are signal-like
e High AKS8 pr jet (pt > 250 GeV)
 double-muon tagged jets (muon with pr> 7 GeV)
 mass cut (>50 GeV)

Z(bb) by the end of the talk 69
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CMS-PAS-BTV-16-002

Efficiency measurement in data

36 fo' (13 TeV, 2016)

w ] ' ' l ) ] ] I 1 1 1 ] 1 1 1 l 1 1 1 I 1 1 1 l ) ] ) ] ] ] | ' ] ] | ] ] ]
= 10" ¢ Data
5 o9 CMS B udsg
S g8 ¢
o , Muon enriched multijet events ¢ from gluon splitting
a 10 Double-muon-tagged AKS8 jets B b
© 10° b from gluon splitting
10° } p_ (AKS jets) > 250 GeV
Associated uncertainty 10"
varies from 3 to 5% 10° i aaacsacect '
depending on the different 10° 1 -
tagging efficiency b
1 - | | | l | | | I | | | ' | | | I | | 1 l 1 1 1 l | | | | l ] | | l | | | l | | | :
E ¢ $ }* ¢ 3 f{*i*‘; 0!..5
s 1 et T e e ** **i** ..... * ..... **** * ......... * ............ i ........................................ ._;

1 -08 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1
double-b discriminator
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ArXiv:1609.07483

Jet Substructure

- Measures the degree to which a jet can be considered as composed of N prongs
- Energy correlation functions are sensitive to N-point correlations in a jet
- A 2-pronged jet will have es<e;

RF—mMmMm———————————— ‘
[ Groomed
IB 10F Pythia 8.219, Soft Drop: =0, zc,=0.1
N,B . 263 é‘ 8 R=l.0,p-l->500GeV,mSD€[;0, 100] GeV
2 (16[3)2 B 7L — L Quaik |
2 2 6: ' -===Gluon :
e — :g |
o 4
PT =
1€ = Z z@szRfj 7: = 5 - g =1 2
1 <1<y <n; JE jet ij .
B __ - B B B B B B _
ey = Y zizz mm{ARMARWARijARjk,ARikARjk} 6
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N21-PPT efficiency measurement

CMS-PAS-HIG-17-010

- Efficiency of the N2'"PPT is measured in data using merged W jets from tt events

1200
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800

600

400
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Caterina Vernieri (FNAL)

CMS Preliminary 35.9 b (13 TeV)
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CMS-PAS-HIG-17-010

Background composition

CMS  Preliminary 35.9 fb' (13 TeV)
2 bt orars | mmm Zaabens - aren
o 10’ B \V(q0)+jets B singlet ¢ Data
Lﬁ tt+jets VV(4q) e MC uncert. (stat.) B a Ck g r O u n d S
10°

- Multijets
- tt+ets,
normalization from

a dedicated control
region

} data

I IIIII| LI IIIIIIII| IIIIIIII| | L,

B - .
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£ ol _
CL) = _
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© A . o
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pT-Ieading jet m__ (GeV)
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CMS-PAS-HIG-17-010

Fvent Selection
-6 < p<-2.1

O —

CMS  Preliminary 35.9 fb' (13 TeV)
2 = ) QCD (kfactor 0.77) @ Z(qQ)+jets ------ ggH®b)
b 1 07 B W(qq)+ets B single-t ¢ Data
Lﬁ tf+jets VV(4q) sz MC uncert. (stat.)
10°

° 3 o o
non-perturbative 107 ;= finite cone effects
regime of the soft drop 102 | s from the AKS jet
mass calculation - et | clustering

- — Ly !E I =
hc_—-c_; 4 :— . s MC uncert. (stat.) . —:
2 - . . N
» 4L : : =
8 G 5
ina Vernieri (FNAL Fermilab - Fri 201 p- \diadimnl] Rafp?
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Transfer factor

- If the double-b tagger were completely uncorrelated double-b tag
from jet pr and msp, the transfer factor would be flat | “nass”

- Taylor expand Ry in p and pr

double-b tag = 0.9

CD
Nga(;? (mSD7 pT) — Rp/f(ﬂa pT) X Nf%il (mSD7 pT)

v

NQCD

pass (mSDivaj) — X NQCD

fail (mSDi » PT; )

+ 23 bins in mgp from 40 to 201 GeV and 6 bins
in prfrom 450 to 1000 GeV
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CMS-PAS-HIG-17-010

Signal extraction

Signal extraction and background estimation performed simultaneously

QCD
Nfa,ﬂ,z,j + Nfall,z,j

H (bb
T NV° T U Nfali,z,z)

L(data|u, 0) H Poisson ( %?f? ;

QCD tf 1% H (bd)
NpaSSaZaJ T Npass,z,j T Npass,z,j T fh NpaSSaZaJ

pass,?,)

X H Poisson (N data

2,]

Nga(;g_) (mSD17 ij) —

- The coefficients ak are determined from the fit

+ Based on F-test, a 2nd order polynomial in p
and Tst order in pris used.
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CMS-PAS-HIG-17-010

Signal extraction

Signal extraction and background estimation performed simultaneously

CMS Preliminary

— 1000

>
b,

O

~ 900
|_

NQCD

pass

NQCD

(mSDi » PT; ) — fail (mSDiv ij)

3800
/700

600
- The coefficients ak are determined from the fit

- Based on F-test, a 2nd order polynomial in p
and 1st order in pris used.

500

oo e e ey |
40 60 80 100 120 140 160 180 200
PUPPI(GeV)
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tt enriched control region

* Loose muon with pr > 55 GeV, |n| < 2.1 in | 4
opposite hemisphere: [ [0 /o

* |@(H) — P(AKS jet)| > 2T11/3 (
- One AK4 PUPPI jet with medium CSVv2 b-tag,

with pt > 50 GeV, |n| < 2.5, and W

- AR(AK4 b-tag, AK8 jet) > 0.8 top .o
- Lepton: Veto the presence of identified loose &

electrons and loose hadronic taus %b ....... mtop
Two-prong AK8 PUPPI jet (pt > 400 GeV, msp >

40 GeV and [n| < 2.4) I
. N,1.DDT < V
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CMS-PAS-HIG-17-010

1D LL Scans

CMS Preliminary 35.9 o' (13 TeV) 1 CMS  Preliminary 35.9 fo™ (13 TeV)
’(ﬁ\ 16 _“I | | | , , | | : , , , , , I , , | , , I | :1 I I 7 a 6 B | F“‘ | | | | | | | | | oy 1 | | | | I |
+ - : s I B . _
S 14f 4 3 o\ y
— \ . - : i
D 12 — D 12 : —
o - i} = B p _
< - < u \ -
b O - h O -
8 - 8- : .
6 - 6 .
41— - 41— -
N — stat. + syst.’ - — stat. + SYS’[-:
2 B -=== gtqt. Qn|y - 2 :_ === stat. only _:
O - | | T I TR R R R S R - O B ' ' | . -
4 -9 0 2 4 6 8 10 0 0.5 1 1.5 2
1 L

Uz = 0.78 —0.14/+0.14 (stat.) —=0.13/40.19 (syst.)
HU=2.3-1.5/+1.5 (stat.) —0.4/+1.0 (syst.)
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CMS-PAS-HIG-17-010

2D LL Scan (Asimov)

CMS Preliminary 35.9 b (13 TeV)
N 3 16

—i
AN

N
-2 A log L(asimov)

oSO DD B
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CMS-PAS-HIG-17-010

Simultaneous fit of the Z and H signals

H H no pt corrections Z
Observed best fit up =238 W, =327%7 uz = 0.7870%
Expected significance 0.70 (ug =1) 0.50 (uy = 1) 580 (uz = 1)
Observed significance 1.5¢ 1.60 5.1c
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CMS-PAS-HIG-17-010
Results
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CMS-PAS-HIG-17-010

Signal+background fit

%10° 35.9fb™" (13 TeV) 35.9fb™" (13 TeV)
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CMS-PAS-HIG-17-010

Signal+background fit

35.9 fb' (13 TeV) 35.9 fb' (13 TeV)
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CMS-PAS-HIG-17-010

Signal+background fit

35.9 fb' (13 TeV) 35.9 fb' (13 TeV)
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Signal+background fit

35.9fb" (13 TeV)
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CMS-PAS-HIG-17-010

Signal+background fit
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VH, Event Topology

» H— bb at LHC is searched in events where H is produced in association with a

W or Z boson with hig

N boost (~ 100 GeV)

» events are triggered by the leptonic decay of the W/Z (e, y, MET)

» multi-jet QCD background is highly suppressed
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Quick look at the backgrounds

VH example

signal irreducible backgrounds
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Quick look at the backgrounds

VH example
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irreducible backgrounds
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and diboson, of course
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Quick look at the backgrounds

VH example

irreducible backgrounds
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1-lepton [e,p,T]
2-OSSF leptons [ee,pp]
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VH, Analysis Strategy

T T L] L T ¥ L) T Al Ll L) L] T Ll T L] L} L] - ' ' l ' I ' ' l ' I ' l ' ' l ' l ' ' I ' l ' l 1L pFrrrrrrrrrrr o T T T T T T T T T T T T T
n CMS ' l ® Data l - W:udscg l: 80 CMS e Data _ 107
@ 500 fs= 7Tev,L=5.0 fb"q B v B i . . (s= 7TeV,L=5.01fb" - VH i 10° b~ (s = 7TeV, L =5.0 fb"
= - fs= 8TeV,L=18916" [ Jwv [] Single top . i s= 8TeV. L=18.9 fb'1 _ 10° Vs= 8TeV,L=18.9fb" [ ] Background
c - C1z+0b . ] _ ’ — w i 10 pp — VH; H - bb —— VH(bb) 125 GeV
© 400 ] 2+udscg w . 2 PP — VH; H - bb g 10° Background uncert
-8 _ [ Iws+bbd ~— MC uncert. (stat.) _ 0:,) 60— — Sub. MC uncert. . ~ grotined '
= - B T 5 —— VH + VV MC uncert. 2
o
S 300 f - - :
o F 1 3 F .
= - B Q
— _ - T 40 =
C t . = T L 7 =
7 100 - D 0 - :
- 1 o T | i
S~ f
- P I R — h - :
% (2) E %/ dof =0.22 ] MC uncert. (stat.) . + . E
1.5E 0 o) 3
5 1) :"-'f_'__t | ﬁ 56 1 g 1
D 0'5 ; 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 r § 0'5 :— -
0 50 100 150 200 250 0 50 100 150 200 250 4Es 5 25 2 a5 4 05 o
m(jj) [GeV] m(jj) [GeV] log(S/B)
o
Key points:
1. Extract normalization for the dominant backgrounds from the data

V+0b/1b/2b and top pair production

2.  b-jet energy specific corrections (regression)

3. A multivariate analysis, BD
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VH, Results

VH(bb) reported an excess of 2.1 @ in agreement with SM H expectation at 125 GeV
vU=0/Osm=1.0+ 0.5

v All modes are compatible

v most sensitive result, to be compared to
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